The Pierre Auger Collaboration has reported an excess in the number of muons of a few tens of percent over expectations computed using extrapolation of hadronic interaction models tuned to accommodate LHC data. Very recently, we proposed an explanation for the muon excess assuming the formation of a deconfined quark matter (fireball) state in central collisions of ultrarelativistic cosmic rays with air nuclei. At the first stage of its evolution the fireball contains gluons as well as u and d quarks. The very high baryochemical potential inhibits gluons from fragmenting into uū and dd, and so they fragment predominantly into ss pairs. In the hadronization which follows this leads to the strong suppression of pions and hence photons, but allows heavy hadrons to be emitted carrying away strangeness. In this manner, the extreme imbalance of hadron to photon content provides a way to enhance the muon content of the air shower. In this communication we study theoretical systematics from hadronic interaction models used to describe the cascades of secondary particles produced in the fireball explosion. We study the predictions of one of the leading LHC-tuned models QGSJET II-04 considered in the Auger analysis.
The Pierre Auger Collaboration has reported an excess in the number of muons of a few tens of percent over expectations computed using extrapolation of hadronic interaction models tuned to accommodate LHC data. Very recently, we proposed an explanation for the muon excess assuming the formation of a deconfined quark matter (fireball) state in central collisions of ultrarelativistic cosmic rays with air nuclei. At the first stage of its evolution the fireball contains gluons as well as u and d quarks. The very high baryochemical potential inhibits gluons from fragmenting into uū and dd, and so they fragment predominantly into ss pairs. In the hadronization which follows this leads to the strong suppression of pions and hence photons, but allows heavy hadrons to be emitted carrying away strangeness. In this manner, the extreme imbalance of hadron to photon content provides a way to enhance the muon content of the air shower. In this communication we study theoretical systematics from hadronic interaction models used to describe the cascades of secondary particles produced in the fireball explosion. We study the predictions of one of the leading LHC-tuned models QGSJET II-04 considered in the Auger analysis. Besides addressing central questions in ultrahigh energy cosmic ray (UHECR) astrophysics -determining the baryonic component and identifying or constraining sources -the AugerPrime upgrade will provide unique access to particle physics at an order-of-magnitude higher center-ofmass energy than the Large Hadron Collider (LHC) [1] .
As recently demonstrated by the Pierre Auger Collaboration [2] , it is possible to test particle physics well above 100 TeV in the UHECR-air nucleon center-of-mass energy, using hybrid UHECR air showers, even with a mixed primary composition. Moreover, the column energydensity in UHECR-air collisions is an order of magnitude greater than in Pb-Pb collisions at the LHC, suggesting the potential for new hadronic physics from gluon saturation and possibility of exploring quark-gluon plasma as well as quark matter formation by heavy nuclear primaries at far higher energies than available in accelerators [3, 4] .
A significant discrepancy in the shower muon content is found (greater than 2σ , statistical and systematics combined in quadrature) between predictions of LHC-tuned hadronic event generators and observations [2] . With the added muon-electromagnetic separation and the significantly higher data-taking rate for the highest energy hybrid events provided by AugerPrime, the reason for this discrepancy may be determined.
As a UHECR-induced air shower develops in the atmosphere, it increases in particle number, before eventually the particle energies drop below some threshold, at which ionization losses begin to cull the particle population. The position at which an air shower deposits the maximum energy per unit mass traversed is known as X max and its dispersion is known as σ (X max ). Both of these observables are sensitive to the primary UHECR composition, though interpreting this dependence requires resorting to predictions of simulations of hadronic interactions at energies and in kinematical regions inaccessible to terrestrial experiments [5] .
The Auger surface array can also be employed to extract composition-dependent information, including the shower muon richness observed a the ground as well as the muon production depth, X µ nax , which is the depth along the shower axis where muon production reaches a maximum. One advantage of the surface array is its nearly 100% duty cycle, compared to the roughly 15% duty cycle of the fluorescence detectors. A measure of X µ max can be attained via timing information of the muons when they arrive at the ground. Curiously, the primary masses predicted by X max and X µ max are not in agreement, with the X max suggesting an average composition at the highest energies in the mass range of nitrogen [6] , while X µ max is more consistent with a composition heavier than iron, using LHC-tuned EPOS at the hadronic interaction model [7] . Using QGSJET leads to a better agreement between X max and X µ max , with X µ max favoring iron composition at the highest energies. Regardless of models chosen, however, it appears difficult at present to reconcile the X max and X µ max measurements with each other using existing hadronic interaction models.
In addition, it is interesting to note that while for 10 9.5 E/GeV 10 10.6 the mean and dispersion of X max inferred from fluorescence Auger data point to a light composition (protons and helium) towards the low end of this energy bin and to a large light-nuclei content (around helium) towards the high end (see Fig. 3 in [8] ), when the signal in the water Cherenkov stations (with sensitivity to both the electromagnetic and muonic components) is correlated with the fluorescence data, a light composition made up of only proton and helium becomes inconsistent with observations [9] . The hybrid data indicate that intermediate nuclei, with baryon number A = 14, must contribute to the energy spectrum in this energy bin. Moreover, a potential iron contribution cannot be discarded.
New physics processes in the first interaction would tend to increase σ (X max ), making the nuclear composition appear lighter than what actually is. This is because we would not expect new physics processes when nuclei just slide along each other. The admixture of peripheral and "new physics" collisions would then produce large fluctuations in the number of muons at ground level and increase σ (X max ). On the other hand, X µ max occurs after the shower is more fully thermalized and hence σ (X µ max ) is less sensitive to new physics in the first interaction. Combining information from these two variables thus provides a means of disentangling effects of nuclear composition from new physics. If measurements of σ (X max ) and X µ max were equally accessible experimentally, X µ max would provide a better measurement of the nuclear composition, as it is less sensitive to new physics in the first interaction.
It is also important to note that any new physics should affect σ (X nax ), causing the distribution to trend upwards above the new physics threshold, an effect which would be too large to be accounted for by increasing primary mass. On the other hand, new physics would not manifest in this way in the case of X max . A constant nuclear composition would yield a straight elongation rate, while an increase in primary mass would cause X max to inflect downward. These unique predictions for X max and σ (X max ), are in agreement with existing data; see again Fig. 3 in [8] . With enough statistics, it should be possible to discern these effects.
Very recently we presented a model that can accommodate all these anomalies [4] . The model builds up on an old idea, which allows formation of a deconfined quark matter (fireball) state in central collisions of ultrarelativistic cosmic rays with air nuclei [10] . At the first stage of its evolution the fireball contains gluons as well as u and d quarks. The very high baryochemical potential inhibits gluons from fragmenting into uū and dd, and so they fragment predominantly into ss pairs. In the hadronization which follows this leads to the strong suppression of pions and hence photons, but allows heavy hadrons to be emitted carrying away strangeness. In this manner, the extreme imbalance of hadron to photon content provides a way to enhance the muon content of the air shower. In addition, the admixture of peripheral and fireball collisions would then produce large fluctuations on X max , but the muon shower maximum X µ max would have small fluctuations, in agreement with existing data.
In this paper we use simulations to study the effects of fireball models in air shower observables. Cosmic Ray Monte Carlo (CRMC v1.6.0) [12] is an interface to different hadronic event generators such as EPOS LHC [13] or QGSJET II-04 [14] . It outputs the secondaries of particle interactions for different hadronic models, which allows an standard use of the interaction products for any further analysis. CORSIKA (v7.5600) [15] performs the simulation of atmospheric showers produced after cosmic ray interactions in the atmosphere. It makes use of different hadronic event generators to obtain the products of the first and subsequent interactions at the highest energies. Nevertheless, the first interaction can be treated externally (STACKIN option), allowing the user to give as input not just the cosmic ray primary, but the secondaries and their energies and momenta. It is possible then to modify the particle content and properties after the first interaction to analyze afterwards the evolution of the shower.
Our goal is to test whether fireball-like models would be able to mitigate the current tension between LHC extrapolated predictions and data at the Pierre Auger Observatory, without developing a full theoretical framework for fireball models or carrying out fully detailed simulations of the physical processes involved in fireball interaction secondary particle production. In this work we take CRMC results for first interactions and modify the particle content in a consistent manner according to the above description of the fireball model, where the pion content is highly suppressed. We study the effect of this modification on the muon content at the Pierre Auger observation level.
The computational power needed to run full simulations of atmospheric showers is an important limiting factor in the accuracy that one can reach in simulated air shower analyses. The thinning option in CORSIKA allows a reduction of the computing time by reducing some information about the development of individual particles and compensating the by applying weights to simulated particles. A comparison of results for thinned and unthinned showers presented in [16] allows us to consider that, when the expected number of particles at observation level is high enough, the fluctuations (of the number of particles) created by the thinning algorithm are small enough for the result to be close to the corresponding unthinned result. Nevertheless, due to time constraints, we use a less conservative thinning threshold than the one presented in [16] , which may be source of some uncertainties in our results.
In order to measure the reliability of our simulations, we perform an analysis of the muon content at ground level with the parameters suggested in [11] for comparison. We concentrate on the energy interval 10 9.9 E/GeV 10 10.2 , and simulate proton showers at 67 • zenith angle. Following [11] a fit to a parametrization
is assumed. Here, 19 , where N µ the number of muons at the Auger observation level above 0.3 GeV for any energy, and N µ,19 the same quantity evaluated at 10 19 eV. Fitting (1) to our data we obtain a = 1.24 ± 0.05 and b = 0.90 ± 0.02, in good agreement with the values presented in [11] . This agreement can be well appreciated in Fig. 1 .
The next step is to perform the same kind of analysis using primary particles that may create fireballs in the first interaction. We take iron (A = 56) as reference. A new fit of (1) to data gives a = 1.65 ± 0.01 and b = 0.94 ± 0.02. The data and fit can be also seen in Fig. 1 . A Heitler model predicts the total number of muons in a shower to follow
where E and A are the primary energy and mass number, respectively, E c the critical energy for π ± to decay into µ ± . If we assume R µ ∝ N µ,tot , the exponents α and b in (2) and (1) must be the same. Since b is almost the same for proton and iron primaries, R µ Fe / R µ p ∼ 56 1−b ≈ 0.89 ± 0.07, where we have used the value of b from [11] . Using our fit parameters we obtain
where the external average is taken to be the considered energy interval. Due to the approximate nature of the previous estimations, the numbers can be considered to be in agreement, and this serves as another validation of the overall good behavior of our analysis with the selected thinning. Now, we proceed to the simulation and analysis of individual first interactions. Using CRMC to interface with QGSJET II-04 we produce iron-nitrogen collisions in the energy interval of our interest. We extract the different particles created in the interaction, together with their energies, momenta and child particles (in the case of the prompt decay of neutral pions and kaons). Since we are precisely interested in those neutral mesons, we revert those decays before performing any analysis. An example of the secondary particles created in those interactions is shown in Fig. 2 .
On the right panel of Fig. 2 we extract the information about the fraction of particles of each kind, considering nucleons, pions and kaons. As expected, the number of pions outnumbers that of kaons. As a first approximation to see if the fireball model produces effects in the adequate direction to explain current data, we invert kaon and pion populations. According to Fig. 2 , the proportion of kaons will be around 80%, much higher than the one of pions. This is, as stated previously, a first approach to the effect that one would expect from a fireball model. In order to compare the evolution of the shower in the different situations, we show (Figs. 3, 4 and 5) the energy distribution and fraction of total energy for the electromagnetic, muonic and hadronic components of the different showers. One can see how the energy in the muonic component increases for iron showers, as commented before. Note that the range of energies for the showers in Fig. 5 is much smaller than the used in 3 and 4.
In order to see more precisely how increasing the amount of energy in the kaon sector after the first interaction would increase the number of muons at ground, one can study kaon, pion and proton showers in the typical energy range of the products coming from primaries in the studied energy range. In Fig. 6 we show the number of muons at ground for those kind of showers. While proton/neutron showers provide a similar amount of muons than kaon showers, pion showers remain around one order of magnitude lower. Then, transferring the energy contained in pions to kaons would produce the expected effect of increasing R µ . Now, if the shower is initiated in a fireball explosion all the energy of the incoming nucleus is redistributed among fundamental quarks and gluons. This is a completely inelastic process, which differs from the usual inelastic processes in that the fireball creates a higher multiplicity of quarks and gluons and to a first approximation equally partitions energy among the secondaries (thereby negating a large leading particle effect). Thus, to simulate a complete fireball explosion using inelastic collisions from LHC-tuned hadronic event generators, we still have to account for the energy distribution carried by the secondary nuclei produced in the primary collision. The simplest and straightforward model of a fireball shower is then as follows. Using CRMC to interface with QGSJET II-04 we produce iron-nitrogen collisions in the energy interval of our interest. We scan the secondaries searching for residual nuclei. If any nucleus is found, we proceed to delete this nucleus from the list of secondaries of the primary interaction. The hadronic collision package QGSJET II-04 is call for separately, with the residual nuclear fragments as projectiles. The secondaries produced by QGSJET II-04 in each of the residual nucleus collisions are appended to the original list of secondaries. We scan repeatedly the list of secondaries duplicating the procedure detailed above until no more residual nuclei are found. Then we search for pions and kaons in the final list of secondaries. We change each pion whose kinetic energy is larger than m K − m π onto a kaon retaining charge, i.e. π + → K + , π − → K − , π 0 → K 0 l or K 0 s (each case at random with 50% probability), and each kaon onto a pion also retaining charge, i.e. K + → π + , K → π − , K 0 l → π 0 , K 0 s → π 0 . We always preserve the total (rest + kinetic) energy and particle direction of motion. Interestingly, UHECR showers simulated following all of the previous considerations give an increment in R µ by O(10%). We conclude that to a first approximation fireball induced showers would accommodate Auger observations shown in Fig. 1 . A precise determination of the increase in R µ that would follow from a given modification of the particle content after the first interaction is still ongoing and will be presented elsewhere.
